The transforming growth factor-␤ superfamily member bone morphogenetic protein-2 (BMP-2) is up-regulated in atherosclerotic arteries; however, its effects on the endothelium are not well characterized. Using microdissected coronary arterial endothelial cells (CAECs) and cultured primary CAECs, we demonstrated endothelial mRNA expression of BMP-2 and BMP-4. The proinflammatory cytokine tumor necrosis factor-␣ and H 2 O 2 significantly increased endothelial expression of BMP-2 but not BMP-4. In organ culture, BMP-2 substantially decreased relaxation of rat carotid arteries to acetylcholine and increased production of reactive oxygen species, events inhibited by pharmacologically blocking protein kinase C (PKC) or NAD(P)H oxidase. BMP-2 activated nuclear factor-〉 in CAECs, and BMP-2 and BMP-4 substantially increased adhesion of monocytic THP-1 cells, which was reduced by pharmacologically inhibiting p42/44 MAP kinase pathway (also by siRNA downregulating ERK-1/2) or PKC. Incubation of rat carotid arteries with BMP-2 ex vivo also increased adhesion of mononuclear cells to the endothelium, requiring p42/44 MAP kinase and PKC. Western blotting showed that in CAECs and carotid arteries BMP-2 elicited phosphorylation of p42/44 MAP kinase, which was reduced by blocking MAP kinase kinase and PKC. Collectively, expression of BMP-2 is regulated by proinflammatory stimuli, and increased levels of BMP-2 induce endothelial dysfunction, oxidative stress, and endothelial activation. The cytokine bone morphogenetic protein-2 (BMP-2), a transforming growth factor superfamily member, was originally detected in cartilage and bone 1 ; however, recent studies demonstrated that vascular endothelial and smooth muscle cells are also a significant source of BMPs.
The cytokine bone morphogenetic protein-2 (BMP-2), a transforming growth factor superfamily member, was originally detected in cartilage and bone 1 ; however, recent studies demonstrated that vascular endothelial and smooth muscle cells are also a significant source of BMPs. [2] [3] [4] [5] [6] [7] Genetic analysis of patients with primary pulmonary hypertension indicated that a vascular BMP-2/ BMP receptor system plays an important role in vascular physiology. 8, 9 BMP-2 is known to regulate a host of cellular functions, 2, 4, 5, 10 including cardiovascular development, 10 neovascularization in bone 7 and tumors, 11 and smooth muscle cell chemotaxis.
2 Endothelium-derived BMP-2 is osteoinductive 5, 7 and hypotheses have been put forward that BMPs may contribute to vascular calcification. 3, 5, 12 Despite evidence for the physiological/ pathophysiological importance of BMP-2 the regulation of BMP-2 expression and the effects exerted by BMP-2 on endothelial function and phenotype have yet to be clearly elucidated.
Previously, we have demonstrated that in coronary arteries in hyperhomocysteinemia vascular inflammation and up-regulation of tumor necrosis factor (TNF)-␣ is associated with an increased vascular BMP-2 expression. 13 Importantly, recent studies confirmed a striking up-regulation of BMPs in atherosclerotic lesions. [2] [3] [4] BMP-4 (which is related to BMP-2 by its amino acid sequence but is transcribed from an entirely different gene) 4, 6 was shown to exert proinflammatory effects by enhancing monocyte adhesion to the endothelium. On the basis of the aforementioned findings we hypothesized that expression of BMP-2 in endothelial cells is regulated by inflammatory stimuli 14 and/or that BMP-2 itself exerts proinflammatory, proatherogenic effects.
Materials and Methods

Animals
Male Wistar rats (n ϭ 30; Taconic Biotechnology, Germantown, NY) were sacrificed by injection of sodium pentobarbital (50 mg/kg i.p.), and the carotid artery was isolated using microsurgery instruments. In some experiments the aorta, the septal coronary artery, femoral and brachial arteries, and the middle cerebral artery were also harvested.
Studies on Endothelial Cell Cultures
Primary rat coronary arterial endothelial cells (CAECs; Celprogen, San Pedro, CA), rat aortic vascular smooth muscle cells (VSMCs; Cell Applications Inc., San Diego, CA), and SV-40-immortalized rat aortic smooth muscle cells (SV40-SMC, no. CRL-2018; American Type Culture Collection, Manassas, VA) were maintained in culture as described. 15 After passage 4 cells were treated with recombinant TNF-␣ (1 or 10 ng/ml for 24 hours) 15 or H 2 O 2 (100 mol/L for 24 hours).
Microdissection of Arterial Endothelium
Microdissection was performed using the PALM microlaser technology (PALM GmbH, Bernried, Germany) on frozen sections (10 m thick, stored at Ϫ80°C) of coronary vessels stained by hematoxylin as described. 16 For RNA analyses, the endothelial and the smooth muscle layers of multiple vessels were selectively dissected and catapulted into 20 l of catapulting buffer and stored at Ϫ80°C. RNA was extracted using the RNAqueous-Micro kit (Ambion, Austin, TX) as described. 16 In separate experiments, endothelial and smooth muscle cells from TNF-␣-treated (10 ng/ml for 24 hours) untreated control aortae were microdissected.
Quantitative Real-Time Polymerase Chain Reaction (PCR)
Total RNA from the arteries was isolated with Mini RNA isolation kit (Zymo Research, Orange, CA) and was reverse-transcribed using Superscript II RT (Invitrogen, Carlsbad, CA) as described previously. 16, 17 Real-time reverse transcriptase (RT)-PCR was used to analyze mRNA expression using the Stratagene MX3000, as reported. 13, [15] [16] [17] Samples were run in triplicates. Efficiency of the PCR reaction was determined using dilution series of a standard vascular sample. Quantification was performed using the ⌬⌬Ct method. The housekeeping gene ␤-actin or GAPDH was used for internal normalization. Oligonucleotides used for real-time QRT-PCR are listed in Table 1 . Fidelity of the PCR reaction was determined by melting temperature analysis and visualization of product on a 2% agarose gel.
Immunolabeling
Rat hearts were embedded in OCT medium and 8-m sections were cut using a cryostat. Dual immunofluorescent labeling was performed using a primary antibody against BMP-2 (R&D Systems, Minneapolis, MN) and ␣-smooth muscle actin as described. 17 
Western Blotting
Western blotting was performed as described, 16 -18 using a primary antibody that recognizes both the more abundant glycosylated (18 kd) and the nonglycosylated (13 to 15 kd) forms of BMP-2 (R&D Systems). Anti-␤-actin (Novus Biologicals, Littletown, CO) was used for normalization purposes.
Vessel Culture and Functional Studies
Isolated carotid arteries were maintained in vessel culture under sterile conditions in F12 medium (Life Technologies, Inc., Grand Island, NY) containing antibiotics (100 UI/L penicillin, 100 mg/L streptomycin) and supplemented with 5% fetal calf serum (Gibco/Invitrogen), as previously described. 13, 15, 19, 20 Arteries were treated with BMP-2 (1 to 100 ng/ml) for 24 hours. In some experiments vessels were treated with 10 ng/ml of BMP-2 in the presence of a neutralizing antibody (mAb 3552, 20 g/ml; R&D Systems).
Endothelial function was assessed as previously described. 21 In brief, cultured arteries were cut into ring segments 2 mm in length and mounted on 40-m stainless steel wires in the myograph chambers (Danish Myo Technology A/S, Inc., Atlanta, GA) containing Krebs buffer solution (118 mmol/L NaCl, 4.7 mmol/L KCl, 1.5 mmol/L CaCl 2 , 25 mmol/L NaHCO 3 , 1.1 mmol/L MgSO 4 , 1.2 mmol/L KH 2 PO 4 , and 5.6 mmol/L glucose, at 37°C, gassed with 95% air and 5% CO 2 ) for measurement of isometric tension. After an equilibration period of 1 hour during which an optimal passive tension of 0.5 g was applied to the rings (as determined from the vascular length-tension relationship), the vessels were contracted by KCl (30 mmol/L) and relaxations to acetylcholine (from 10 Ϫ9 to 10 Ϫ4 mol/L) and the NO donor S-nitrosopenicillamine (from 10 Ϫ9 to 3 ϫ 10 Ϫ5 mol/L) were obtained. 
Measurement of Reactive Oxygen Species
Production of O 2 .Ϫ in segments of the same carotid arteries that were used for functional studies was assessed using the dihydroethidine staining method, as described. 13, 16, 19, 20 In addition, O 2 .Ϫ generation was measured by the lucigenin (10 mol/L) chemiluminescence method, as described. 13, 16, 19, 20 In CAECs reactive oxygen species (ROS) production was measured using the methods of Werner, 22 after the following treatments: BMP-2 (100 ng/ml), BMP-2 plus diphenyleneiodonium [DPI, 10 Ϫ5 mol/L, an inhibitor of flavoprotein-containing oxidases, including NAD(P)H oxidases] or BMP-2 plus apocynin (3 ϫ 10 Ϫ4 mol/L, which inhibits NAD(P)H oxidases 19, 20 ) or BMP-2 plus chelerythrine (an inhibitor of total protein kinase C activity; 10 mol/L). Cells were incubated with an assay mix consisting of homovanillic acid (100 mol/L), horseradish peroxidase (5 U/ml), and superoxide dismutase (SOD; 200 U/ml, to convert O 2 .Ϫ to H 2 O 2 ) in HEPES-buffered salt solution (pH 7.5) at 37°C for 1 hour. The reaction was stopped with 80 l of glycine solution (0.1 mol/L, pH 10, 0°C). H 2 O 2 -induced fluorescent product was assessed using a fluorimeter (excitation, 321 nm; emission, 421 nm), and the background-corrected fluorescent signal was normalized to the cell count. Calibration curve was constructed using 0.01 to 100 mol/L H 2 O 2 standards in assay mix (1 hour at 37°C) with or without catalase (200 U/ml).
Transient Transfection and Luciferase Assays
Effect of BMP-2 and TNF-␣ on nuclear factor (NF)-〉 activity in CAECs and VSMCs was tested by a reporter gene assay. We used a NF-〉 reporter comprised of a NF-B response element upstream of firefly luciferase (NF-〉-Luc; Stratagene, La Jolla, CA) and a Renilla luciferase plasmid under the control of the CMV promoter (as an internal control). All transfections were performed with Novafector (Venn Nova LLC, Pompano Beach, FL) following the manufacturer's protocols. Firefly and Renilla luciferase activities were assessed after 42 hours using the Dual Luciferase Reporter Assay kit (Promega, Madison, WI) and a luminometer. Pyrrolidine dithiocarbamate (10 Ϫ5 mol/L), an inhibitor of NF-B activation, was used as control.
Monocyte Adhesion Assays: Inhibition of MAP Kinase Pathways by Pharmacological and Molecular Methods
We measured adhesion of fluorescently labeled human monocytic (THP-1) cells to confluent monolayers of HCAECs using a microplate-based assay. In brief, HCAECs were grown to confluence in 96-well plates and were treated with BMP-2 or BMP-4 (0.1 to 30 ng/ml; incubation time, 2 hours at 37°C) in the absence or presence ( 5 /well) were added the microplate wells containing confluent HCAECs (medium removed; incubation time of 45 minutes at 37°C). Nonadherent THP-1 cells were removed by careful washing (three times with prewarmed RPMI). Then, 200 l of phosphate-buffered saline (PBS) was added to each well, and fluorescence was measured using an Flx-800 (Bio-Tek Instruments) fluorescent plate reader (excitation, 485 nm; emission, 528 nm). Controls included measurement of total fluorescence of labeled cells before adhesion, controls for measuring autofluorescence of unlabeled cells, and measurement of monocyte adhesion to endothelial cell-free microplate wells.
In separate experiments down-regulation of the p42 and p44 MAP kinases in HCAECs was achieved by RNA interference using the proprietary p42 and p44 siRNA sequences (Cell Signaling, Beverly, MA) and the Amaxa Nucleofector technology (Amaxa, Gaithersburg, MD), as we have previously reported. 15, 18 Cell density at transfection was 30%. Specific gene silencing was verified with Western blotting as described. 15 Monocyte adhesion assay was performed using HCAECs transfected with anti-p42 and anti-p44 siRNA on day 2 after the transfection, when gene silencing was optimal.
In other experiments, monocyte-enriched peripheral blood mononuclear cells were isolated from rats, and BCECF-labeled mononuclear cell binding to the endothelium of carotid arteries was determined according to the methods of Sorescu and colleagues. 4 Some vessel segments were pretreated with chelerythrine, PD 98059, and/or SB 203580. After treatment with BMP-2 (10 to 100 ng/ml for 2 hours) or TNF-␣ (10 ng/ml for 2 hours) vessels were cut open (en face) and incubated with PMA (10 Ϫ6 mol/L)-pretreated BCECF-loaded monocytes. After a 1-hour incubation at 37°C under, unbound monocytes were washed out. Bound monocytes were quantified by counting the cells under a fluorescent microscope.
Detection of BMP-2-Induced p42/44 MAPK Phosphorylation
Phosphorylation of p42/44 MAP kinase was detected by Western blotting as described. 23 In brief, HCAECs were treated with BMP (10 ng/ml) for 0 to 120 minutes. The cells were rinsed with PBS and then hot lyses buffer was added (10 mmol/L Tris, pH 7.4, 1 mmol/L sodium orthovanadate, 1% sodium dodecyl sulfate). The lysate was microwaved for 5 seconds. In separate experiments HCAECs pretreated with PD 98059, DPI, and chelerythrine were compared.
In other experiments rat carotid arterial segments were treated with BMP (10 ng/ml) for 0 to 120 minutes and then snap-frozen in liquid nitrogen. Protein samples were prepared, as previously described. 23 Na 3 VO 4 (1 mmol/L) and phosphatase inhibitor cocktail I and II (10 l; Sigma Chemical Co., St. Louis, MO) were added to the homogenization buffer to inhibit phosphatases. Equal amounts of protein (50 g) were electrophoresed on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel, transferred to a PVDH membrane with a semidry blotting system, and labeled with phosphorylation-specific primary antibody for p42/44 MAP kinase (Cell Signaling) in 1:1000 dilution for 24 hours at 4°C. The membranes were washed with PBS and incubated for 1 hour with sheep anti-rabbit IgG horseradish peroxidase or donkey antimouse IgG horseradish peroxidase (Amersham, Arlington Heights, IL) at the final titer of 1:4000. The membranes were developed with ECL-Plus (Amersham).
Data Analysis
Data were normalized to the respective control mean values. Data are expressed as mean Ϯ SEM. Statistical analyses of data were performed by Student's t-test or by two-way analysis of variance followed by the Tukey post hoc test, as appropriate. P Ͻ 0.05 was considered statistically significant.
Results
Expression of BMP2/4 in Endothelial and Smooth Muscle Cells
Both endothelial and smooth muscle cells express BMP-2 mRNA. Expression of BMP-2 mRNA was more pronounced in cultured CAECs than in VSMCs. Although BMP-2 mRNA expression tended to be greater in microdissected endothelial cells, the difference did not reach statistical significance because of the greater variance in the samples (Figure 1, A and B) . Comparison of BMP-2 mRNA levels in aorta, coronary, cerebral, femoral, and brachial arteries suggest that BMP-2 is uniformly expressed in the systemic circulation (Table 2) . Similar results were obtained in mouse aorta, carotid, mesentery, femoral, and renal arteries as well (not shown). Immunolabeling ( Figure 1C ) and Western blotting (Figure 2 ) confirmed that BMP-2 protein is present both in endothelial and smooth muscle cells. Full-length BMP-2 is a 396-amino acid glycosylated polypeptide that has a 19-amino acid signal sequence, a 263-amino acid proregion, and a 114-amino acid mature segment. BMP-4 is a related cytokine consisting of a 408-amino acid prepropeptide with a 19-amino acid signal sequence, a 273-amino acid proregion, and a 116-amino acid mature segment. We used rVISTA (http://www-gsd.lbl.gov/vista), a tool for comparative sequence analysis, 24 to show that the mRNA sequences encoding the mature forms of the rat BMP-2 and BMP-4 exhibit a high degree of homology ( Figure 1D ). BMP-4 mRNA expression was more pronounced both in microdissected CAECs and cultured endothelial cells than in smooth muscle cells (Figure 1, E and F) .
To gain some insight in the regulation of vascular BMP expression, we investigated the effects of known proinflammatory stimuli in vitro in cultured endothelial and smooth muscle cells. In CAECs TNF-␣ elicited substantial increases in both the mRNA and protein expression of BMP-2, extending our recent findings 18 ( Figure 2, A and  B) . Unexpectedly, although TNF-␣ elicited similar NF-〉 activation in CAECs and VSMCs ( Figure 2F ), it did not Expression of BMP-2 mRNA in different vascular beds in male Wistar rats. ␤-Actin mRNA was used for normalization purposes. Data are mean Ϯ SD (n ϭ 4 in each group). n.d.: not determined. Values are normalized to the mean of BMP:␤-actin ratios in the aorta.
increase BMP-2 mRNA and protein expression in VSMCs (Figure 2, C and D) . This effect was not cell line-dependent because identical findings were obtained in SV-40-immortalized aortic smooth muscle cells ( Figure 2C ) and in microdissected smooth muscle cells from TNF-␣-treated rat aortas ( Figure 2E ). In contrast to BMP-2, expression of BMP-4 mRNA significantly decreased in TNF-␣-treated CAECs and VSMCs (Figure 2, G and H) . Inhibition of NF-B activation with Pyrrolydine dithiocarbamate did not affect TNF-␣-induced down-regulation of BMP-4 in CAECs (not shown). H 2 O 2 also elicited substantial up-regulation of BMP-2, but not BMP-4, in CAECs ( Figure 3, A and B) , which is consistent with the view that both H 2 O 2 and TNF-␣ regulate BMP-2 expression by activating a common signaling pathway. 18 We used rVISTA to search for evolutionarily conserved regions of the human and rat BMP-2 and BMP-4 promoters. This analysis revealed that despite the significant homology between the coding sequences for BMP-2 and BMP-4, the 5Ј flanking regulatory regions of the BMP-2 and BMP-4 genes are markedly different. Importantly, the highly conserved NF-〉-binding site that is present in the BMP-2 promoter region 18, [25] [26] [27] is absent in the 5Ј flanking region of the BMP-4 gene, which may explain the opposite regulation of the two genes by TNF-␣ and H 2 O 2 in endothelial cells.
Effect of BMP-2 on Endothelial Vasodilator Function and ROS Production
BMP-2 treatment (in all concentrations tested) resulted in a significant impairment of acetylcholine-induced relaxation of cultured rat carotid arteries ( Figure 4A ). In contrast, BMP-2 elicited only minor alterations of vascular relaxations to the NO donor S-nitrosopenicillamine (Figure 4B) . In BMP-2-treated vessels there was an intensive ethidium bromide staining, localized to the endothelial cells ( Figure 4C) , and a significantly increased lucigenin chemiluminescent signal ( Figure 4D ), indicating that BMP-2 promotes endothelial O 2 .Ϫ generation. In CAECs BMP-2 also elicited substantial increases in ROS generation that were inhibited by apocynin, DPI, and cheleryth- rine ( Figure 4E ). Acetylcholine-induced relaxations (10 Ϫ5 mol/L; control, 55 Ϯ 4%; BMP-2, 27 Ϯ 3%; BMP-2 ϩ neutralizing antibody, 48 Ϯ 8%) and endothelial ethidium bromide staining (fluorescence units; control, 0.6 Ϯ 0.2; BMP-2, 13.5 Ϯ 1.5; BMP-2 ϩ neutralizing antibody, 1.2 Ϯ 0.5) did not differ between untreated vessels and vessels co-incubated with BMP-2 and a BMP neutralizing antibody, confirming that the observed effects were specific to BMP-2 activity.
Demonstration of BMP-2-Induced Activation of NF-〉 in Endothelial Cells
We demonstrated that BMP-2 at a concentration of 200 ng/ml (but not at 20 ng/ml) significantly enhanced the transcriptional activity of NF-〉 in CAECs (as indicated by an increase in the luciferase activity; Figure 5 ). Interestingly, BMP-2-induced NF-〉 activity could not be inhibited by catalase, SOD, DPI, or apocynin ( Figure 5 ), suggesting that NAD(P)H oxidase-derived H 2 O 2 production may not play a key role in BMP-2-induced NF-〉 activation in CAECs.
Demonstration of BMP-2/4-Induced Monocyte Adhesion: Role of ROS, PKC, and MAP Kinases
BMP-2 significantly increased monocyte adherence to cultured HCAECs in a concentration-dependent manner ( Figure 6A ). BMP-4 also increased monocyte adherence to HCAECs in a similar concentration range. Pretreatment of the vessels with pharmacological inhibitors of PKC, p38, and p42/44 MAP kinases, and NAD(P)H oxidase significantly reduced or prevented BMP-2-and BMP-4-induced monocyte adhesion ( Figure 6A ). BMP-2 significantly increased monocyte adherence to the endothelium of intact aortae ( Figure 6 , B and C). Pretreatment of the vessels with PD 98059, SB203580, and chelerythrine significantly decreased BMP-2-induced monocyte adhesion ( Figure 6D ). We also found that pretreatment of HCAECs with anti-p42/44 MAP kinase siRNAs prevented BMP-2-induced increases in monocyte adhesiveness ( Figure 7B ). Western blotting was used to show the efficiency of the siRNA treatment ( Figure 7A ).
Demonstration of BMP-Induced MAP Kinase Activation in Endothelial Cells
In carotid arterial segments BMP-2 elicited rapid increases in phosphorylation of p42/44 MAP kinase ( Figure  7 , E and F). Similar time course of p42/44 MAP kinase phosphorylation was observed in BMP-2-treated HCAECs ( Figure 7 , C and D), suggesting that BMP-2 activates MAP kinase pathways in the endothelium, which promotes monocyte adhesiveness ( Figures 6A and  7A ). BMP-2-induced phosphorylation of p42/44 MAP kinase was decreased in HCAECs pretreated with DPI and chelerythrine ( Figure 7G ). .Ϫ production in BMP-2-treated cultured carotid arteries using lucigenin chemiluminescence (mean Ϯ SEM, n ϭ 5 for each group; *P Ͻ 0.05 versus untreated control). E: BMP-2 induced generation of reactive oxygen species in CAECs (assessed by a homovanillic acid/horseradish peroxidase method in the presence of SOD, to convert O 2 .Ϫ to H 2 O 2 ) in the absence and presence of the NAD(P)H oxidase inhibitor DPI and apocynin (APO) or the PKC inhibitor chelerythrine. Results are normalized to the control mean values (n ϭ 5 for each group; *P Ͻ 0.05 versus untreated control, # P Ͻ 0.05 versus BMP-2 treatment, data are mean Ϯ SEM).
Figure 5.
Reporter gene assay showing the effects of NAD(P)H oxidase inhibitors (3 ϫ 10 Ϫ4 mol/L APO, 10 Ϫ5 DPI), SOD (200 U/ml), or catalase (200 U/ml) on BMP-2-induced NF-〉 reporter activity in CAECs. Concentration-dependent TNF-␣-induced NF-〉 reporter activity is shown for comparison. Endothelial cells were transiently co-transfected with NF-〉-driven firefly luciferase and CMV-driven Renilla luciferase constructs followed by BMP-2 or TNF-␣ stimulation. Cells were then lysed and subjected to luciferase activity assay. After normalization relative luciferase activity was obtained from four to seven independent transfections. Data are mean Ϯ SEM. *P Ͻ 0.05 versus control.
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Discussion
There are three important findings in this study. First, we have shown that vascular endothelial and smooth muscle cells, both in vivo and in culture, express BMP-2 mRNA and protein (Figure 1) . Interestingly, endothelial cells tend to express higher levels of BMP-2 as well as BMP-4 (which exhibit a high degree of similarity with BMP-2) than smooth muscle cells (Figure 1 ). Our data suggest that in endothelial cells expression of BMP-2 is regulated by proinflammatory stimuli, such as TNF-␣ and H 2 O 2 ( Figures 2A and 3A) . These findings are in line with recent results showing that NF-〉 signaling plays a central role in regulation of BMP-2 expression. 18 Importantly, endothelial NF-〉 activation 28 and enhanced co-expression of BMP-2 and TNF-␣ 13 ; have been recently demonstrated in hyperhomocysteinemia, a pathophysiological condition that promotes vascular inflammation and atherosclerosis.
Interestingly, we also found that in smooth muscle cells TNF-␣ did not increase BMP-2 expression (Figure 2 , C-E). Because TNF-␣ elicited comparable NF-B activation in endothelial and smooth muscle cells (Figure 2F ), we speculate that differences in factors that lie downstream from NF-B (eg, differential expression of cellspecific co-activators) are responsible for this phenomenon. It is of note that vascular endothelial growth factor was also recently shown to up-regulate BMP-2 in cultured human dermal microvascular endothelial cells but not in lymphatic endothelial cells. 29 Although this finding raised the possibility that regulation of BMP-2 expression may also differ between endothelial cells from different organs, we found that basal BMP-2 expression was comparable in vessels from various systemic vascular beds ( Table 2) . Also, we have found that TNF-␣ elicited similar BMP-2 induction in human umbilical vein endothelial cells and CAECs. 18 Although BMP-2 and BMP-4 exhibit a high degree of sequence similarity and likely act on the same receptor(s), the biological role of the two cytokines may be different. Importantly, our data show that proinflammatory stimuli have an opposite effect on endothelial expression of BMP-4 and BMP-2 ( Figures 2G and 3B) . Accordingly, the promoter regions of the human and mouse BMP-2 and BMP-4 genes contain markedly different regulatory elements. 26 Alignment of the DNA sequences of the 5Ј flanking regions of the human, mouse, and/or rat genes revealed that a highly conserved NF-〉 binding site is present in the BMP-2 promoter region, 18, [25] [26] [27] but it is missing from the BMP-4 promoter, which provides an explanation for the different regulation of the two related cytokines by TNF-␣ and H 2 O 2 .
The second significant finding in this study was that BMP-2 elicited endothelial dysfunction ( Figure 4A ) and substantial NAD(P)H oxidase-derived ROS production in the endothelial cells (Figure 4, C and D) . The finding that chelerythrine inhibited BMP-2-induced ROS generation suggests that it is mediated by PKC activation ( Figure  4E ). Indeed, our previous studies showed that endothelial NAD(P)H oxidase activity is regulated by PKC in a calcium-dependent manner. 19, 20 Further, there is evidence for the association of the BMP receptor complex with PKC. 30 BMP-4 was also reported to induce oxidative stress in human umbilical vein endothelial cells 6 ; however, further studies are needed to establish the role of PKC in this process. One of the transcriptional mechanisms that mediate proinflammatory phenotypic changes in blood vessels is an activation of NF-〉. NF-〉 may be activated by both redox-dependent and -independent mechanisms. 6 We found that BMP-2, especially at higher concentrations, elicits NF-〉 activation in endothelial cells ( Figure  5 ). Yet, because NF-〉 activation was unaffected by inhibition of NAD(P)H oxidase or scavenging of ROS, we propose that NAD(P)H oxidase-derived ROS are unlikely to mediate BMP-2-induced NF-〉 activation in endothelial cells ( Figure 5 ). It is also yet to be determined which cellular programs are induced by BMP-2 via NF-〉.
The third interesting finding was that BMP-2 plays an important role in endothelial activation. We have demonstrated that the monocyte adhesiveness both to cultured endothelial cells and vascular endothelial cells in situ was substantially increased by BMP-2 as well as BMP-4 (Figure 6, A-C) . Because monocyte adhesion was substantially reduced by pharmacological and molecular inhibition of p42/44 and p38 MAP kinases ( Figure 6 , A and D, and Figure 7A ) and abolished by inhibition of PKC in endothelial cells both in culture and in intact vessels ( Figure 6, A and D) , we propose that in endothelial cells BMP-2/4 activates a PKC-and MAP kinase-dependent pathway, 11, 31, 32 which results in endothelial activation. This view is supported by previous findings demonstrating that the BMP receptor complex is associated with components of PKC and MAP kinase pathways, which can be activated on BMP-2 binding to its receptor. 11,30 -35 Because inhibition of PKC decreased BMP-2-induced NAD(P)H oxidase-derived ROS generation (Figure 4E) and inhibition of NAD(P)H oxidase prevented BMP-2 induced endothelial activation ( Figure 6A ), we posit that NAD(P)H oxidase activation represents a link between PKC and downstream signaling mechanisms, including activation of MAP kinase(s). Indeed, we have evidence that BMP-2 induces p42/44 MAP kinase activation both in cultured endothelial cells ( Figure 7 , C and D) and intact vessels ( Figure 7 , E and F), and this effect can be reduced by inhibition of PKC and the NAD(P)H oxidase ( Figure 7G ).
In conclusion, it seems that in endothelial cell inflammatory stimuli (TNF-␣, H 2 O 2 ) regulate BMP-2 expression. BMP-2 itself can elicit oxidative stress in endothelial cells and promote vasodilator dysfunction. In addition, BMP-2 may induce NF-〉 and promote proatherogenic endothelial activation via PKC/MAP kinase-dependent pathway(s). 4, 6 Thus, we propose that BMP-2 acts as a proinflammatory cytokine in the systemic circulation. More information on the phenotypic consequences of BMP-2 induction should improve our understanding of pathological vascular remodeling and development of early atherosclerosis.
